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Of the three principal conforma- 
tions of acid-sensing ion chan- 
nels (ASICs) — closed, open and 
desensitized — only the atomic structure 
of the desensitized conformation had 
been known. Two recent papers report 
the crystal structure of chicken ASICl 
in complex with the spider toxin psalmo- 
toxin 1, and one of these studies finds 
that, depending on the pH, channels are 
in two different open conformations. 
Compared with the desensitized con- 
formation, toxin binding induces only 
subtle structural changes in the lower 
part of the large extracellular domain 
but a complete rearrangement of the two 
transmembrane domains (TMDs), sug- 
gesting that desensitization gating (the 
transition from open to desensitized) is 
mainly associated with conformational 
rearrangements of the TMDs. Moreover, 
the study reveals how two different 
arrangements of the TMDs in the open 
state give rise to ion pores with different 
selectivity for monovalent cations. 

Acid-sensing ion channels (ASICs) are 
ligand-gated ion channels with the sim- 
plest extracellular ligand one can imag- 
ine — protons.' ASICs have recently 
received considerable interest because 
their activation may contribute to noci- 
ception^ and several neuropathologies, 
including ischemic neurodegeneration 
during stroke'' and axonal degeneration 
in autoimmune neuroinflammation.* 
Understanding ASIC gating (the transi- 
tions between closed, open and desensi- 
tized states; Fig. 1) at the molecular level 
may help to modulate ASIC activity during 
these pathologic situations, for example by 



stabilizing the non-conducting closed or 
desensitized states. Drug design to this 
end would greatly benefit from atomic res- 
olution structures of these conformations. 
While, five years ago, the crystal structure 
of the supposedly desensitized conforma- 
tion of chicken ASICl (cASICl) had been 
resolved at 1.9 A,' the crystal structures of 
resting (closed) and open conformations 
remained unknown. In a recent study, 
Baconguis and Gouaux'' reported the crys- 
tal structure of cASICl in complex with 
the spider toxin psalmotoxinl (PcTxl) and 
found that the channels were in an open 
conformation. Even more exciting, at two 
different pH, channels crystallized in two 
different open conformations with differ- 
ent ion selectivities. 

Raising the H* concentration 25-fold 
(from pH 7.4 to 6.0) fully activates 
ASICl. '"^ In the continued presence of H* 
the channel desensitizes. In the desensi- 
tized state, the channel has H* bound but 
the ion pore does not conduct and cannot 
be opened by further increasing the H* 
concentration. PcTxl from the venom of 
the tarantula Psalmopoeus cambridgei is 
a gating modifier of ASICs'* and inhibits 
rat ASICla' by stabilizing the desensitized 
conformation and trapping channels in 
the desensitized state.'* In contrast, PcTxl 
opens rat ASIClb and cASICl,'"-" sug- 
gesting that it stabilizes the open confor- 
mation of these ASICs. 

The cASIC1-PcTx1 Complex 

In a study that appeared just a few weeks 
in advance of that by Baconguis and 
Gouaux,'' Dawson and colleagues'^ also 
crystallized cASICl in complex with 
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Figure 1. Schematic outline of the three principal conformations of ASICl.Top, top views; bottom, side views. It appears that the acidic pocket at 
subunit interfaces is key to ASIC gating. Binding of PcTxl to the acidic pocket opens the cASIC pore (center), and it has been proposed' that binding 
of H+ does the same. In contrast, in the closed state a Ca^+ ion might neutralize the negative charges within the acidic pocket, stabilizing the closed 
state (left row).'''^ The structure of the ECD is very similar in open and desensitized conformations, whereas the structure of theTMDs differs markedly. 
Structures of ECD and TMDs in the closed conformation are currently unknown. Only one of the two open state conformations is shown. 



PcTxl, at pH 5.5 and at a medium resolu- 
tion of 3.0 A. They used a non-functional 
version of cASIC with truncated termini, 
AcASICl (26-463), however, which per- 
turbs the structure of the transmembrane 
domains (TMDs),'^ complicating the 
decision whether the pore is open or not. 
Using the apo cASICl structure (the ini- 
tial high-resolution structure of the desen- 
sitized state), the structure of cASICl in 
complex with PcTxl was determined'^ 
and found to be almost identical to the 
apo structure.' Therefore, Dawson et al.'^ 
concluded that cASICl in complex with 
PcTxl was in the desensitized conforma- 
tion — a conclusion that turned out to be 
wrong (see below) . 

Irrespective of the conformation of 
the channel, the study allowed the iden- 
tification of the toxin binding site and the 
molecular interactions of toxin and chan- 
nel.'^ Three PcTxl molecules per cASIC 
trimer were bound in cavities known as 
the acidic pockets far (45 A) from the 
TMDs (Fig. 2). The acidic pockets have 
been proposed as the ligand-binding 
domains (LBDs) of ASICs' and binding 
of PcTxl, an agonist of cASICl," in those 



pockets is consistent with this idea. Three 
independent molecular docking stud- 
ies had already proposed the same PcTxl 
binding site,''* '* but the precise molecu- 
lar interactions between residues of the 
toxin and the channel predicted by these 
docking studies differ considerably from 
those revealed by crystallization,'^ high- 
lighting that toxin binding induces con- 
formational changes of the channel and 
the toxin. In fact, a study using high- 
resolution NMR spectroscopy found that 
structural flexibility of a K* channel and 
a scorpion toxin represents an important 
determinant for the high specificity of 
toxin— channel interactions.'^ 

Dawson et al.'^ noted that PcTxl bind- 
ing induced only subtle conformational 
changes in cASICl: a slight shift (by 1.3 
A) of a-helices 4 and 5 and an unallo- 
cated electron density in the extracellu- 
lar domain (ECD) that might originate 
from a cation bound in the central vesti- 
bule of the channel. They proposed that 
the nanomolar affinity of PcTxl is mainly 
determined by strong hydrophobic inter- 
actions with cASICl, whereas the speci- 
ficity of the binding comes from a cluster 



of basic residues, which is flexible in solu- 
tion"* and extends deeply into the acidic 
pocket.'^ In fact, the hydrophobic patch 
on PcTxl seals the basic cluster enhancing 
the electrostatic interactions with acidic 
residues of cASICl.'^ 

The cASICl-PcTxl complex is not the 
first crystal of a complex of the LBD of 
an ion channel with a toxin. Previously, 
complexes of od-cobratoxin (a-Ctx) and 
a-conotoxins with the acetylcholine bind- 
ing protein (AchBP),'"''^' a homolog of the 
LBD of nicotinic acetylcholine receptors 
(nAchR), and of a-bungarotoxin (a-Btx) 
with a single ECD of nAchR aP^ had 
been crystallized, revealing that these 
toxins deeply bind into the LBDs at sub- 
unit interfaces via extensive hydrophobic 
interactions, which are complemented by 
hydrogen bonding and electrostatic and 
cation-TT interactions."'^''^' These toxins 
behave either like antagonists stabilizing 
the resting state of AchBP and nAchR al 
or like inhibitors stabilizing the desensi- 
tized state. Thus, there are many paral- 
lels in the molecular interactions of these 
toxins with nAchRs and of PcTxl with 
cASIC. 
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Figure 2. Molecular interactions between PcTxl and cASICl.The superposition of the structure obtained by Dawson et al. (PDB ID 3S3X, blue) and 
the low-pH structure obtained by Baconguls and Gouaux (PDB ID 4FZ0, red) Is shown In cartoon representation. PcTxl Is shown In solvent-accessible 
surface representation (Dawson In green and Baconguls In yellow). The discrepancies of the two structures concerning their molecular Interactions 
are Illustrated In boxes; for details see text. Blue dashed lines Indicate the possible hydrogen bonds In the structure obtained by Dawson et al. and red 
dashed lines In the structure obtained by Baconguls and Gouaux. 



In their study, Baconguis and Gouaux'' 
also crystallized a complex of cASICl with 
PcTxl but used functional AcASICl (14- 
463), with only a slight truncation of the 
N-terminus. Moreover, they crystallized 
complexes at two different pH (pH 7.25 
and 5.5) at similar resolution as Dawson et 
al. (3.3 and 2. 8 A, respectively). Thus, crys- 
tals obtained at pH 5.5 are directly compa- 
rable between the two studies, except that 
the structures of the TMDs are expected 
to be perturbed in AcASICl (26-463) 
used by Dawson et al.'^ Indeed, the toxin- 
binding site is identical in the two studies 
with a few discrepancies concerning the 
molecular interactions between residues 
of the toxin and the channel (Fig. 2). 
Briefly, both studies find important con- 
tributions of hydrophobic PcTxl residues 
Trp 7 and Trp 24 and basic residues Arg 
26, Arg 27 and Arg 28. A previous site- 
directed mutagenesis study confirmed 
the importance of Trp 24, Arg 26 and 
Arg 27."" Trp 24 and Arg 26 are equally 
oriented in both crystals. Arg 27, how- 
ever, makes a weak H-bond with Gly218 
of cASICl in the structure obtained by 
Dawson et al. (3.8 A distance) whereas 



this interaction is strong in the structure 
obtained by Baconguis and Gouaux (3.0 A 
distance, Fig. 2), making the position of 
Arg 27 energetically more favorable in 
the latter structure. More strikingly, the 
position of Arg 28 is different in the two 
crystals. Dawson et al. report that Arg 
28 deeply penetrates the acidic pocket to 
form H-bonds with Glu 243.'^ But Arg 28 
of only two of the three PcTxl molecules 
in this complex have the reported orienta- 
tion, while Arg 28 of the third toxin mol- 
ecule points away from Glu 243, making 
weak H-bonds with Asp 238, Asp 350 
and Glu 354. Moreover, in the crystals 
obtained by Baconguis and Gouaux, Arg 
28 has a completely different orientation 
and interacts with backbone oxygens of 
Asp 238 and Thr 240 of cASICl (Fig. 2).'' 
Whether these discrepancies mean that 
Arg 28 has some conformational flex- 
ibility and may make different, mutually 
exclusive contacts with cASICl residues is 
an open question, which can be addressed 
by site-directed mutagenesis, however. 
According to available site-directed 
mutagenesis data,"" Lys 25 of PcTxl does 
not make an important contribution to 



binding of PcTxl to cASICl. In agree- 
ment, in the crystal obtained by Dawson 
et al., Lys 25 points away from the pocket 
and makes a weak H-bond with Gin 179 
(3.7 A distance). In contrast, in the crystal 
obtained by Baconguis and Gouaux, Lys 
25 points into the pocket where it is not 
stabilized by H-bonds, however (Fig. 2). 
Thus, the position of Lys 25 seems to be 
energetically more favorable in the crystal 
obtained by Dawson et al.'^ 

The Structures of Two Open 
ASIC Pores 

Similar to a previous study," Baconguis 
and Gouaux found that in the presence of 
PcTxl, functional AcASICl (14-463) did 
not completely desensitize but conducted 
steady-state currents at pH 7.25 and at 
pH 5.5.'' Thus, in the presence of PcTxl a 
subpopulation of the channels was in the 
open and another (and larger) subpopu- 
lation in the desensitized conformation. 
Fortunately, it was the subpopulation 
in the open conformation that formed 
crystals (see below). Current-voltage rela- 
tionships of AcASICl (14-463) in the 
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presence of PcTxl and different cations 
revealed that at pH 7.25, open channels 
were unselective for monovalent cations 
whereas at pH 5.5 they were Na*-selective 
{Pj^JPf^ = 10/1). Since the typical open 
ASIC pore is selective for Na* over K* 
{PJP^ -10),'* only at low pH PcTxl sta- 
bilized the typical Na*-selective open state, 
whereas at high pH it stabilized an atypi- 
cal unselective open state. Solely for shark 
ASIClb it had previously been reported 
that it carries sustained unselective cation 
currents at neutral pH.^' The related bile- 
acid sensitive ion channel (BASIC), how- 
ever, also has a dynamic selectivity."'' 

Compared with Dawson et al.,'' 
Baconguis and Gouaux'' had the advan- 
tage that they had a structure with (likely) 
unperturbed TMDs, which adopted dra- 
matically different conformations than in 
the desensitized state,'' rendering the ion 
pore open! At high pH (unselective state), 
the symmetric open pore is stabilized by 
sparse inter-subunit and hydrophobic con- 
tacts between TMDl and TMD2 and, 
compared with the desensitized confor- 
mation, many intra- and inter-subunit 
interactions between TMDl and TMD2 
are disrupted. In contrast, at low pH (Na*- 
selective state), TMD2 of one subunit is 
shifted by approximately four residues 
toward the extracellular side of the mem- 
brane relative to the other two subunits, 
conferring axial asymmetry onto the pore. 
There are extensive interactions between 
TMDl and TMD2 in the low-pH struc- 
ture, rendering asymmetric pore forma- 
tion favorable. Apart from the asymmetry, 
a second surprise of the low-pH pore was 
the partial exposure of TMDl of one sub- 
unit to the ion pore;* previously mainly 
TMD2 had been implicated in pore for- 
mation. '''■'^ At high pH, the open pore has 
its smallest diameter of -10 A near Asp 
433, whereas at low pH, it has an elliptical 
shape with dimensions of 4—5 A by 7—10 A 
at its most constricted part near Leu 440, 
thus two turns below the smallest constric- 
tion at high pH.*^ The authors suggest that 
monovalent cations permeate the channel 
in a fully or a partially hydrated state."^ 
Thus, TMDs adopt strikingly different 
conformations in the open and desensi- 
tized conformations, as it had previously 
been proposed based on the accessibil- 
ity of TMD residues to cysteine-reactive 



reagents.'^ Moreover, conformations of the 
TMDs in the two open conformations are 
also strikingly different, with the unselec- 
tive open pore having a more simple 
architecture than the Na*-selective pore. 
Interestingly, evolutionary old relatives of 
ASICs, peptide gated channels from the 
cnidarian Hydra, have an unselective ion 
pore.'^ Future studies will show whether 
their open pore, and thus perhaps the pri- 
mordial ASIC pore, has a similar structure 
as the unselective ASIC pore revealed by 
Baconguis and Gouaux.*" 

The Structure of the ECD 
in the Open Conformation 

What are the structural changes in the 
ECD that differentiate open and desen- 
sitized conformations? The ECD of each 
subunit consists of five subdomains, the 
palm, finger, thumb and knuckle domains 
and a (3-ball domain, which are linked 
to the TMDs via an apparently flexible 
wrist.^ In the complex structure, the lower 
palm domain and the wrist slightly rotate 
around an axis situated below the scaffold, 
separating the thumb and palm domains 
of adjacent subunits by a few A and enlarg- 
ing the central vestibule.'' The separation 
of thumb and palm is illustrated by the 
distance between the Cct atoms of Asn 
357 (thumb) and Arg 85 (palm), which 
increased from 8 A in the desensitized 
conformation to 11 A in the open confor- 
mations, respectively.'' The enlargement of 
the central vestibule is illustrated by the 
distance between the Ca atoms of Val 75 
(|3-sheet 1 of the palm) of the three sub- 
units, which increased from -7 A in the 
desensitized conformation to 11 and 12 
A in the selective and unselective states, 
respectively.* Moreover, in the (31-(32 linker 
of the palm domain the peptide bond 
between Thr 84 and Arg 85 flips by -180°. 
Similarly striking conformational changes 
were found in the (311-(312 linker,* which 
is in close contact to the (31-(32 linker. 
Previous studies already highlighted a cru- 
cial role of these linker regions, which lie at 
the outer surface of the palm, for desensiti- 
zation gating. "'■^'^ These changes are simi- 
lar in both open structures, the low-pH, 
Na*-selective and the high-pH, unselective 
structure. Overall, one notes only slight 
conformational changes that differentiate 



the ECD in the open and desensitized 
structures. 

Comparing the structure obtained 
by Dawson et af with the structures 
obtained by Baconguis and Gouaux,'' 
one realizes that these conformational 
changes, namely a separation of thumb 
and palm, an enlargement of the central 
vestibule and structural changes in the 
(31-(32 and |311-(312 linkers, are also pres- 
ent in the structure obtained by Dawson 
et al.'^ The fact that Dawson et al.'^ did 
not mention those changes nicely illus- 
trates how subtle the structural differences 
between open and desensitized conforma- 
tions really are. If you do not know that 
you are looking at the open state confor- 
mation of the ECD, you do not realize 
it! Thus, it appears that desensitization 
gating of ASICs is mainly associated with 
a conformational rearrangement of the 
TMDs, as it has previously also been pro- 
posed for the nAChR.'^ 

Baconguis and Gouaux'' propose the 
following scenario for cASICl gating: The 
upper palm and knuckle domains provide 
a structural scaffold that is virtually iden- 
tical in open and desensitized conforma- 
tions. In contrast, the lower palm domain 
slightly moves, via the wrist inducing 
radial and rotational movements of the 
TMDs. Finger and thumb, which flank 
the palm domain and make major contri- 
butions to the acidic pocket, bind PcTxl 
and presumably also H*, thereby modulat- 
ing movements of the lower palm domain. 
It should be emphasized that this scenario 
is derived from a comparison of open and 
desensitized structures (Fig. 1), and thus 
provides information mainly on desen- 
sitization gating of cASICl. Movements 
accompanying activation gating remain 
unknown. 

Why does, at different pFi, the open 
cASIC pore adopt two different confor- 
mations with different ion selectivities? 
In a crystal, it is not possible to "see" the 
additional proton (s) that are bound at 
low-pH and stabilize the Na*-selective 
pore. Moreover, the structure of the ECD 
is virtually identical in the two open state 
conformations. Baconguis and Gouaux* 
propose that at low pH, Glu 80 gets 
protonated, allowing contraction of the 
central vestibule. Glu 80 had previously 
been involved in desensitization gating,^' 
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underscoring its importance. But at pres- 
ent, the residues that are differentially 
protonated in the low- and high-pH 
structures remain unknown, leaving the 
forces that differentiate the Na*-selective 
from the unselective open conformation 
mysterious. 

Finally, how do the two pore structures 
of cASIC in complex with PcTxl relate 
to the cASIC pore that is gated open by 
H*? While the low-pH, selective pore may 
well correspond to the cASIC pore that is 
opened by H* in the absence of PcTxl, this 
is less likely for the unselective pore. Some 
ASICs have a dynamic selectivity that 
changes from Na* -selective to unselective, 
but usually the unselective state is reached 
at lower (and not higher) pH than the 
selective one,^''^^ so that Glu 80 should be 
protonated and the central vestibule con- 
tracted. It has been proposed that for some 
ASICs the desensitized state is unstable, 
and that channels reopen to an unselec- 
tive open state.'" It is unknown why this 
happens only at low pH but the |31-(32 
and pil-(312 linkers had been impli- 
cated in reopening of the ASICl pore.'" 
In summary, while the exact relation of 
the two open state structures reported 
by Baconguis and Gouaux"" to the physi- 
ological ASIC pore is unclear, they will 
certainly instruct in many laboratories 
further structure-function studies, which 
will give us a clearer picture of the struc- 
ture of the conductive ASIC pore that is 
opened by H*. 
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